I chose this subject with the primary purpose of indicating how angiography of the nervous system has contributed to advances in neuroanatomy, neuropathology and clinical neurology. Secondly, I wished to crusade for the better establishment of the vessels of the nervous system in the English standard textbooks of general anatomy, neuroanatomy and neurology so that the student of the future is less uninformed. Thirdly, I hope to show that the teaching of some aspects of anatomy could be given more profitably through radiology.
Early History
One might begin with a very short historical sketch drawn in such a way as to put the cerebral vessels in the foreground. Trouble began with the great Galen; his teaching about the cerebral vessels was unfortunately inaccurate for man, and it is not yet dead today. As is well known, the Greek and Christian civilizations did not allow human dissection and Galen used the pig or ox or both. Like the great majority of mammals these animals have a rete mirabile (Fig 1) or wonderful net, an architecture quite unlike that in man. Although Vesalius could not find the rete in man, he was reluctant in his earlier years to deny its existence.
The Birth ofModern Neurology Thomas Willis was without doubt the father of modern neurology and indeed coined the term 'neurologia'. He knew all about the rete, having 'Adcress for correspondence: 20 Devonshire Place, London Wl dissected many brutes as he called them, and denied the existence of the rete in man in that great classic 'Of the Anatomy of the Brain', first published in Latin in 1664. But he was clearly not absolutely certain (like some observers even today) that the rete is never present in man. Willis wrote:
'In an Humane head, where the generous Affections, and the great forces and ardors of the Souls are stirred up, the approach of the blood to the confines of the Brain, ought to be free and expeditious; and it is behoveful for its River not to run in narrow and 7 C1 Fig 1 A typical rete mirabile. (Reproducedfrom Daniel et al. 1953 by kindpermission) manifoldly divided Rivulets, which would scarce drive a Mill, but always with a broad and open chanel, such as might bear a Ship under Sail. And indeed, in this respect, a man differs from most brute beasts, in which, the Artery being divided into a thousand little shoots, lest it should carry the blood with a fuller chanel, or more quick course than is requisite, makes the Net-like infoldings, by which indeed it comes to pass, that the blood slides into the Brain very slowly, and with a gentle and almost even stream. If that be true, as some affirm, that the wonderful Net also is sometimes found in an Humane Brain, I believe it is only in those sort of men, who being of a slender wit or unmoved disposition, and destitute of all force and ardor of the mind, are little better than dull working beasts in fortitude and wisdom.' And yet today in 1974 the rete still lingers on in neurological publications in spite of Gutierrez-Mahoney & Schechter trying to kill it in a scholarly paper, 'The Myth of the Rete Mirabile' (1972) .
As Willis pointed out, it does not exist in the horse. If only Galen had dissected the horse rather than the ox, or pig, there would not have been all the trouble about the rete.
Moving on about 150 years it is surprising how small were the advances in cerebral angiology after Willis, and indeed if, after more than 300 years, Willis were today invited to read Gray's Anatomy 1973 he would not be much the wiser and might say: 'What have they been doing these last 300 years?' But if he read the rest of the neurological section in that famous textbook he would be most impressed and perhaps astonished. The 1973 edition is superb but for the cerebral vessels. However, long before Willis's time the importance of the rich blood supply to the brain must have been obvious to intelligent people, many of whom must have witnessed executions or taken part in battles. One only needs to look at paintings from Fra Angelico onwards to see martyrdoms and judicial executions depicted. Sadly the practice has continued in some circles to very recent times, as Allied Prisoners of War in the Far East in World War II will remember.
Nineteenth Century Anatomy
Vascular anatomy and vascular neuropathology advanced very little after Willis for over a century and a half. An important landmark was Rostan's book 'Recherches sur le ramollissement du cerveau' published from La Salpetriere in 1823. He recognized that brain softening was due to diseases of the arteries. There can be no doubt that the French school has contributed more to normal and pathological cerebral angiology from that time to the present than any other. In 1824 Rosenthal, professor of anatomy at Griefswald, described the basal vein, often still known by his namea significant vascular landmark in neuroradiology.
In 1852 an important paper by W S Kirkes of St Bartholomew's Hospital was published in the Medico-Chirurgical Transactions. The title was: 'On some of the principal effects resulting from the detachment of fibrinous deposits from the interior of the heart, and their mixture with the circulating blood.' One of his patients was a 34-year-old woman who developed a sudden left hemiplegia. At post-mortem he found:
'The right middle cerebral artery just at its commencement was plugged up by a small nodule of firm, whitish, fibrinous looking substance, which, although not adherent to the walls of the vessel must have rendered its canal almost, if not quite, impervious. The rest of the vessels were healthy.'
In 1868 Trolard described what he said was a constant cortical anastomotic vein. Not to be outdone Labbe described another in 1879. Never, I think, have two such unimportant and inconstant veins attained such international renown. Everyone has heard of their veinsmay they now sink into relative oblivion.
Henry Gray published his anatomy in 1858 and included one illustration of the cerebral arteries, and the same illustration, slightly redrawn, appears in the 1973 edition, the arteries now being printed in red.
If one examines textbooks on the anatomy of the brain, and there are many, a high proportion do not even mention the blood vessels. Meyer's 'Historical Aspects of Cerebral Anatomy' (1971) is a highly praised work. The only mention of vasculature is one reference to Galen's great vein.
Although our knowledge of cerebrospinal angiology has lagged behind other aspects of neuroanatomy in the last hundred or so years, two nineteenth century neurologists, Charcot and Gowers, clearly recognized its importance. Charcot set one of his assistants, Duret, to study the cerebral arteries and exactly 100 years ago he published good papers on the subject in the Archives de Physiologie, a journal edited at that time by Brown-Sequard and Charcot. When shortly afterwards Gowers came to write his textbook 'Diseases of the Nervous System' (1888) it is clear that he relied very much on Duret's recent anatomical work. Gowers, like Willis, regarded the cerebral blood vessels as being of the utmost importance in neurology and I think it is fair to say that his vascular anatomical descriptions and related pathology were far superior to those of much later great authors such as Kinnier Wilson (1940) and Russell Brain (1933).
One could profitably quote Gowers, like Willis, extensively, but one must be brief. He said:
'Softening from arterial occlusion is not only far more common than all the other forms of softening put together, but it is one of the most frequent diseases of the brain, perhaps exceeding in frequency cerebral hiemorrhage.' Then in a footnote he goes on to say: 'This is the common opinion, and is very likely correct, although the evidence is not conclusive. In the post-mortem room hemorrhage is the more frequent lesion, but hxmorrhage is more often quickly fatal than softening is. It is probable that post-mortems in workhouses would show the cases of softening to be in considerable excess.'
In 1972, nearly a century later, K J Zulch stated that 17 % of all deaths result from cerebrovascular disease.
If we turn our minds back to the year 1895 when Rontgen discovered X-rays, it would perhaps be fair to say that clinical diagnosis of diseases of the nervous system had become more accurate than that of other organs of the body. By this time main tracts and connexions were known; the site and sometimes the nature of the pathological lesions could be deduced. By contrast, diseases of the chest and abdomen could be diagnosed far less accurately. And so it was that radiology was not grasped with much enthusiasm by neurologists except in parts of central Europe and German-orientated countries.
Rontgen's Discovery About thirty years after Rontgen's discovery Moniz lamented the fact that there was no safe way of accurately diagnosing or locating brain tumours. Dandy's recent discovery of ventriculography was carrying a mortality of over 30% in the early 1920s. Moniz said that he was impressed by a discussion on ventriculography held in the Barnes Hall at the Royal Society of Medicine in 1924, when James Collier was President of the Section of Neurology (Proceedings 17, Sect. Neurol. p 59). The English, said Moniz, were not at all happy about ventriculography on account of the great mortality it carried. The 1924 meeting led to his discovery of cerebral angiography three years later. His X-ray equipment was very primitive. However, he succeeded in localizing a large number of tumours and the investigation did not upset the intracranial hydrodynamics as much as ventriculography in spite of the crude contrast substances he used initially. For some reason arteriography did not take on in the UK, North America, Scandinavia or even in France. In Germany and the Iberian Peninsula it was used quite extensively. There were perhaps two main inhibiting factors: the rather tedious open operation on the carotid artery; and the life-long scar on the neck, or rather two scars, as Moniz always performed bilateral angiography. Hair would grow again following a normal ventriculogram, of which many were performed, but the scars following normal angiograms were there for all to see for the rest of the patient's life.
In 1932 Moniz showed by angiography how very much faster was the cerebral circulation than any other. He found that the blood passed through the brain in three seconds, at least two or three times faster than through the meninges and soft parts of the head, and the circulation through the legs took at least 20 seconds.
In 1950 Kety, not using radiological methods, made the dramatic discovery that the brain, which represents only 2 % of the body weight, normally receives about one-sixth of the heart's output of blood and consumes nearly 20 % of the oxygen utilized by the body as a whole. This discovery alone might have been enough to stimulate further anatomical work on the blood vessels.
At my suggestion, several years ago Dr D H Tompsett (Prosector at the Royal College of Surgeons of England) made many beautiful casts of the brain's blood vessels. Fig 3 is a photograph of his best cast. This shows immediately how much richer is the brain in arteries than any other organ.
Just before Kety's discovery, percutaneous carotid angiography became established, and shortly thereafter rapid serial angiography. This gave an enormous stimulus to the better understanding of the cerebral circulation and its more detailed anatomy. In 1953 the Stockholm engineer Fredzell, working with the neuro-radiologist, Sjogren, at the Serafimer Hospital, perfected a rapid serial machine which would take up to six films a second and could be programmed to any lower speed (Sj6gren & Fredzell 1953) .
One of the first fruits was Johanson's thesis on the central veins and deep dural sinuses of the brain, published as a supplement to Acta Radiologica in 1954. His work was a good illustration of the intelligent use of new techniques for the advancement of anatomy. Rather than the somewhat blind exploration of the brain's vessels with a scalpel, Johanson knew what he was looking for and by using his rapid serial pictures as a map he could then employ a scalpel usefully and demonstrate the veins by dissection, by postmortem injection of a contrast medium and subsequent radiography, and also by making casts following the venous injection of a suitable plastic material. These relatively simple techniques seemed to have passed the pure anatomists by. However, in Gray (1973 edition) tribute is paid in the study of neuroanatomy to electron microscopy, modern methods oflight microscopy, of ultraviolet light microscopy, autoradiography, microreconstruction, microphotometry, micromanipulation neurone counting techniques and histochemistry, with the summing-up statement: 'Enough has been said, however, to illustrate the ever-growing dependence of neuro- anatomical investigations upon technical development.' But there was not a word about the blood vessels.
Before the advent of rapid serial angiography, very little was known about collateral circulation in the brain. Until well beyond the turn of this century it was assumed that all cerebral blood vessels were end arteries.
In 1961 Taveras was the first to demonstrate a cerebral collateral circulation in life. He pointed out that by observing the collateral circulation on the surface of the brain it was possible to diagnose with certainty obstruction of distal branches of the main cerebral arteries. In order to achieve this, the study of rapid serial pictures was indispensable.
In 1953 Schlesinger first showed clearly that a number of the main sylvian branches of the middle cerebral artery were entirely influenced in their course by the upper confines of the island of Reil. The superior limit of this island has a straight, east-to-west, coast line, as one might call it. This feature is of fundamental importance in the assessment of arterial displacement caused by intracerebral masses. Neuroradiologists talk about the sylvian triangle, the most important border of which is the upper edge of the island of Reil. A high percentage of supratentorial masses can be localized by recognizing the various distortions of this triangle. In the late 1950s and early 1960s a number of papers were published on the anatomy of the various cerebral arteries and the work of Ring (1969) can be singled out. He studied in detail the anatomy of the middle cerebral artery and its many important branches and showed how constant they were in number and position. In applied anatomy this allowed the diagnosis of both obstruction and displacement of relatively small arteries to be made. Salamon (1971) has studied the whole cerebral arterial tree in even more detail and has published a superb atlas of cerebral angiography. One of the stumbling blocks in the understanding of the course of the middle cerebral artery and its branches is caused by the number of planes through which these vessels pass. The resolution is best made by a combination of angiographic examinations both in life and in death and by the use of arterial casts. The scalpel, the classical tool of the anatomist, becomes almost redundant in this situation. Technical advances in rapid serial angiography, X-ray tubes of finer foci, the use of magnification and subtraction techniques combined with more sophisticated skills in catheterization have allowed a more detailed study of normal and pathological anatomy.
In more recent years our knowledge of first the vertebral tree and now the external carotid tree has advanced enormously. The work of Huang & Wolf of New York (1970) on the vertebral tree, particularly on the venous side, has been of special merit.
The contrast between conventional anatomy and radiology was high-lighted in the third edition (1966) of 'Nomina anatomica', a publication drawn up by the International Anatomical Nomenclature Committee. The incompleteness of the list of cerebral arteries and veins was very striking and would be obvious to a neuroradiologist; it was clear that only about half the vessels were mentioned. With the aid of English, American and Swedish neuroradiological colleagues I submitted a more complete list to the Secretary-General of the organization. This list was accepted almost in toto and I understand that when the next edition is published, the number of both cerebral arteries and veins will be about doubled. More recent angiographic and anatomical work will make the new list out of date. The recent French publication on the superficial veins of the mid-brain, pons and medulla by Fournade et al. (1972) is outstanding.
The Spinal Cord
When we consider the blood vessels of the spinal cord we must return to Thomas Willis, whose excellent description was not improved upon for at least two hundred years. He pointed out how difficult it is to dissect these vessels:
'because the bony Cloisters of the Vertebra? are not broken through without much labour, especially in grown up living Creatures; and in that work the beginnings and branchings out of very many Vessels are wont to be blotted out: But that we might more accurately search into these hid things, we made the Dissections of several Embryons, in which we were able to dissect the Vertebra? as yet soft, and to take out of them the Marrow whole, and to look more narrowly into all the recesses of the Bones; further, that all the tracts and branchings out of them nmight be the better perceived in all the Vessels, we did cast in divers coloured Liquours.'
His topographical description is also extremely clear:
'The Arteries which carry the Blood towards the Spine, are disposed after one manner above the Heart, and after another below it. As to the first, whereas the Trunk of the Aorta being there cleft presently into many branches, departs from the Region of the Spine, therefore the Vertebral Artery is produced on both sides from its axillary branches, which ascending straight into the hinder part of the Head, sends forth a branch into the meeting together of every Vertebra: Thus Willis gave a very clear picture and only failed to show that many of the arteries atrophy before birth.
In 1882 Adamkiewicz, Professor of Anatomy at Cracow University, described the important artery (Fig 4) which goes by his name (or alternatively the arteria radicularis anterior magna).
More detailed descriptions of the arteries to the spinal cord and the anomalies and variations have been made in the last generation, particularly by three Frenchmen, Corbin (1961) , Lazorthes et al. (1958) and, on the radiological side, by Djindjian et al. (1970) of Paris, and Di Chiro & Wener (1973) of Bethesda.
Spinal Angiography
In its infancy some twenty years ago spinal angiography was crude and hazardous. The technique was to inject a large bolus of contrast substance into the aorta and hope that it would outline the spinal arteries. This had two disadvantages: (1) That a high concentration might be injected into the Adamkiewicz artery (which supplies a large segment of the cord) and thus precipitate paraplegia. (2) The large bolus outlining the whole aorta hides the tiny spinal arteries in anteroposterior projection. Two important advances have been made and particular credit here must be given to Djindjian, whose technique consists in catheterizing selectively the twelve pairs of intercostal arteries and five pairs of lumbar arteries and then injecting minute quantities of contrast substance into each. This is not only a safe procedure which uses very small amounts of contrast substance, but provides much better quality radiographs and with the aid of subtraction considerable detail can be seen. In addition, one or both vertebral arteries may have to be injected as Willis showed.
It is now well known that spinal angiography is essential in the preoperative investigation of spinal angiomas. Previously the condition was considered to be inoperable, the surgeon having no guidance about the feeding arteries. One must discover the total blood supply and this may involve the catheterization of most of the 24 intercostal and 10 lumbar arteries, and if the lesion lies higher the vertebral and cervical arteries must be outlined.
Having demonstrated the blood supply two methods of treatment are available: (1) Surgery.
(2) Embolization of the feeding vessels by the radiologist.
Spinal Tumours
Although it is usually unnecessary to undertake angiography in the definitive diagnosis of spinal tumours there are cases where it should be obligatory, perhaps especially with hemangiomas of vertebre. The plain X-ray changes can be pathognomonic but this is by no means the rule. Even when the diagnosis can be so made, angiography should be performed preoperatively.
However, it is even more important when the plain X-ray appearances are equivocal, as the following recent case illustrates: A man aged 58 suffered from cord compression and plain X-ray changes in one vertebra strongly suggested the presence of a metastasis, one pedicle being destroyed. No primary site could be found. Myelography showed a complete block and at surgical decompression there was unexpected, profuse, uncontrollable bleeding, and we lost the patient. This was an hemangioma.
Another case examined by my colleague, Dr Brian Kendall, illustrates what should have been done. Although the plain X-rays in his patient were typical of an hemangioma, he catheterized the appropriate arteries, in this case the right and left first lumbar, and he also identified Adamkiewicz's artery, the origin of which is so variable. Here it was given off from the right 11th intercostal (usually the left seventh or eighth). With this information the surgeon was fully armed.
A detailed description of these two cases has been published by McAllister et al. (1975) .
Conclusions
As I have said, many books have been written on the brain's anatomy without giving the blood vessels a mention. To me this is equivalent to describing a complicated engine and leaving out the fuel system. As practising physicians of 'neurologia', to use Willis's term, we need to study the blood vessels in greater and greater depth without invoking the dissecting aid of surgeons or pathologists. Angiographic techniques and the interpretation of the appearances continue to advance and in so doing assist the progress of clinical medicine. I have hardly touched on clinical conditions, but if one looks back over a generation one sees how what the anatomists call 'applied anatomy' has advanced in angiology. This can be illustrated by the state of affairs existing at Queen Square just before the advent of percutaneous angiography (1946) . At that time no one ever considered the possibility of such a commonplace condition as internal carotid occlusion. In 1946 it was not even a post-mortem diagnosis because pathologists did not examine the neck arteries. Now it is perhaps the crudest and most easily recognizable angiographic picture that one could imagine. One film taken in the desert with a portable X-ray machine could establish the diagnosis.
Angiography reveals such everyday lesions as aneurysms, angiomas, smaller and smaller vascular occlusions, extradural, subdural and intracerebral hematomas, the considerable range of different tumour types, steal syndromes and other conditions. The small print gets longer and longer. This last point is well illustrated in a French publication from Nancy running to some 500 pages. The title is 'Les dysplasies vasculaires systematisees' (Andre 1973) . The angiology was contributed by Picard, a well-known neuroradiologist. In the preface, Kissel, professor of neurology, wrote the following: 'During the last ten years, due principally to progress in radiology, particularly selective angiography, further light has been thrown on them.'
One is conscious that much has been left out in this Address, especially the story of regional cerebral blood flow. But I will end by making a plea that more attention is given in neuroanatomy in its widest application to what Willis called 'the blood carrying vessels' and the detailed manner in which they nourish that voracious organ, the brain.
